Abstract Molecular and morphological alterations related to carcinogenesis have been found in terminal duct lobular units (TDLUs), the microscopic structures from which most breast cancer precursors and cancers develop, and therefore, analysis of these structures may reveal early changes in breast carcinogenesis and etiologic heterogeneity. Accordingly, we evaluated relationships of breast cancer risk factors and tumor pathology to estrogen receptor (ER) and progesterone receptor (PR) expression in TDLUs surrounding breast cancers. We analyzed 270 breast cancer cases included in a populationbased breast cancer case-control study conducted in Poland. TDLUs were mapped in relation to breast cancer: within the same block as the tumor (TDLU-T), proximal to tumor (TDLU-PT), or distant from (TDLU-DT). ER/PR was quantitated using image analysis of immunohistochemically stained TDLUs prepared as tissue microarrays. In surgical specimens containing ER-positive breast cancers, ER and PR levels were significantly higher in breast cancer cells than in normal TDLUs, and higher in TDLU-T than in TDLU-DT or TDLU-PT, which showed similar results. Analyses combining DT-/PT TDLUs within subjects demonstrated that ER levels were significantly lower in premenopausal women versus postmenopausal women (odds ratio near breast cancers reflect field effects, whereas those at a distance demonstrate influences of breast cancer risk factors on at-risk breast tissue. Analyses of mapped TDLUs may provide information about the sequence of molecular changes occurring in breast carcinogenesis.
Introduction
Breast cancer is an etiologically and biologically heterogeneous disease that can be classified into different molecular subtypes, which likely reflect differences in pathogenesis [1] [2] [3] [4] [5] . Multiple studies show that invasive breast cancer tissues and the pre-invasive lesions that surround them often demonstrate similar molecular alterations, suggesting that the latter represent early, more widespread carcinogenic events characteristic of ''field effects'' [6] [7] [8] [9] . Furthermore, molecular and morphological alterations that may be related to carcinogenesis have also been found in terminal ductal units (TDLUs), the ''normal'' structures from which cancers and their precursors arise [10, 11] .
Analysis of mRNA expression profiles of microdissected TDLUs surrounding ER-positive (ER?) and ERnegative (ER-) breast cancers demonstrate characteristic differences similar to those found in ER? and ERinvasive cancers, suggesting early divergence in the pathogenesis of these tumor types [10] . Similarly, studies have found that ER expression is higher in TDLUs in breasts containing cancers compared with those that are benign [12, 13] . In addition, retrospective cohort data demonstrate that the degree of TDLU involution in biopsies diagnosed as benign breast disease is inversely related to risk of developing breast cancer [14] . Finally, we have shown in age-adjusted analyses that levels of TDLU involution in tissues surrounding luminal cancers are greater than those associated with basal-like cancers [15] , suggesting that morphological appearances of benign tissues represent markers of etiological heterogeneity. Thus, we hypothesize that morphological and molecular changes in TDLUs may represent intermediate endpoints along one or more pathways of breast carcinogenesis.
In this study, we assessed whether relationships between breast cancer risk factors and pathological characteristics of invasive breast cancers were related to ER and PR expression in TDLUs surrounding breast cancers included in a population-based case-control study conducted in Poland. We hypothesize that analysis of TDLUS will provide insights into early carcinogenic events, which might be obscured in invasive breast cancer tissues secondary to complex molecular alterations occurring after tumor development.
Methods

Study population
The current analysis was conducted using data and specimens collected in a population-based breast cancer casecontrol study conducted in Warsaw and Łodz, Poland from 2000 to 2003, as previously described [16] . In brief, the study included 2,386 cases between the ages of 20 and 74 years diagnosed pathologically with incident in situ or invasive breast carcinoma and 2,502 randomly selected population-based control subjects, frequency matched to cases on city and age in 5-year categories. The study was approved by the National Cancer Institute and local Institutional Review Boards in Poland.
Risk factor assessment
Breast cancer risk factor data were collected through a personal interview [16, 17] . Factors evaluated included education, age at menarche, age at menopause, parity, breastfeeding, measured body mass index (BMI), age at first full-term birth, smoking, alcohol drinking, menopausal hormone therapy (MHT) use among postmenopausal women, and family history of breast cancer. Serum estradiol and progesterone levels were measured in a subset of Polish cases who donated blood prior to treatment and were not currently using exogenous hormones using standard procedures (Quest Diagnostics, San Juan Capistrano, CA, USA). Among premenopausal women, the phase in the menstrual cycle (follicular [\day 11], periovulatory [day [11] [12] [13] [14] [15] [16] , luteal (day [17] ), at blood collection and tissue removal was determined for a subset of cases when the date of the last or start of the next menstrual period was available.
Tissue samples
At the time of routine pathological processing, up to three tissue samples for research were collected and routinely prepared as formalin fixed paraffin-embedded blocks, including a sample of tumor (T) and two samples of ''grossly'' benign tissues from peritumoral (PT; adjacent to but not touching the tumor) and distant aspects of the surgical specimens (DT; at the periphery of the specimen). To prepare a TDLU tissue microarray, we microscopically identified TDLUs in hematoxylin and eosin (H&E)-stained sections, avoiding TDLUs that were extremely small, intermingled with adipose tissue or near the edge of the tissue within the block. Prior work showed that these TDLUs are difficult to array [18] . TDLUs showing luminal dilatation, ductal hyperplasia, or calcifications were classified as benign breast disease, and therefore, were not targeted. Tumor size, histologic type, grade, and axillary lymph node status were assessed via clinical reports and independent review (M.E.S) [16] .
Construction of tissue microarrays (TMAs) and assessment of ER and PR levels in TDLUs and cancers
Using the location of TDLUs in H&E-stained sections as a guide, we removed target TDLUs with a 1.5-mm-diameter core from donor blocks obtained at various distances from the breast cancers: within the same block as the tumor (T); within a tumor-free block adjacent to the tumor (PT) or within a block distant from the tumor (DT). Within a single tissue block (DT, PT, or T), up to three areas containing TDLUs were cored and transferred to a recipient paraffin block as previously described to create the TDLU TMA [18] . TMAs constructed for 270 cases were immunohistochemically stained for ER and PR as previously described [18] and digitized via whole-slide scanning with 209 objective using an Aperio CS instrument (Aperio Technologies, Vista, CA). We assessed marker expression using two approaches. First, the percentage (0, 1, 5, 10, 20…100 %) of tumor cells with positive staining and the average staining intensity (0 = negative, 1 = weak, 2 = moderate, and 3 = strong) were recorded for each marker by visual review (MES). Combined scores were obtained by multiplying the percentage of cells stained by intensity (ranging from 0 to 3). Second, ER and PR levels were assessed via interactive image analysis of visually demarcated TDLUs (Aperio Technologies) to obtain a quantitative score for each marker using an algorithm designed to approximate visual interpretations. The algorithm was developed to provide a more continuous, standardized objective measure of immunohistochemical staining. Since the staining intensity of ER or PR was highly correlated between TDLU cores (median Spearman correlation coefficient = 0.66, P \ 0.0001), we averaged results across TDLUs within a single tissue block. We used a weighted average to combine scores across multiple TDLUs on each core by multiplying the percentage of nuclei stained with each intensity category (0 = negative, 1 = weak, 2 = moderate, and 3 = strong) by intensity score. Scores obtained from the pathologist's reading and image analysis (ranging from 0 to 3) showed strong correlation (r [ 0.7, P \ 0.0001 for all tissue blocks and both markers), therefore, we used the image analysis derived scores in subsequent analyses.
Breast cancer tissues from women with identifiable TDLUs were included in the same TMAs and scored using identical approaches to facilitate comparisons. This analysis includes a subset of tumors that have been previously evaluated for expression of multiple immunohistochemical markers [17, 19] .
Statistical analyses
We used Spearman correlation (overall comparison) and Wilcoxon signed-rank test (paired samples) to assess whether ER/PR expression in TDLUs varied by whether the TDLU was identified in a T, PT, or DT block. ER/PR levels in TDLUs in the T block differed from those in the other blocks of the same cases, whereas expression levels in TDLUs within PT and DT blocks did not differ significantly. Therefore, we averaged ER and PR scores for PT and DT blocks in cases in which both blocks were available. We categorized average ER/PR expression levels in TDLUs in PT and DT blocks into tertiles, based on the image analysis scores using the product of intensity and percentage of cells stained. To evaluate relationships between breast cancer risk factors and tumor characteristics and the ER/PR levels in TDLUs, we used v 2 (for categorical variables), Kruskal-Wallis (for continuous variables) tests, and unconditional logistic regression models with ER/PR expression in tertiles as the outcome variable and risk factors/tumor characteristics as the explanatory variables, adjusting for age, specific site in Poland, menopausal status, and phase of the cycle for premenopausal women. We also compared continuous ER/PR expression scores in TDLUs to ER, PR, HER2, EGFR, and CK5 in invasive tumors (dichotomous) using the Kruskal-Wallis test. We used SAS (version 9.1.3, SAS Institute, Inc., Cary, NC) software for all analyses.
Results
Characteristics of study population
Our analysis is restricted to 270 women who had identifiable TDLUs that were adequately represented in TMAs. Compared to other Polish cases in the original study, cases included in this analysis were younger (55 % \50 years versus 26 % among other Polish cases, P \ 0.0001), more often premenopausal (59 % versus 22 %, P \ 0.0001), more frequently parous (92 % versus 85 %, P = 0.002), more frequently used MHT (38 % versus 14 %, P \ 0.0001), and were less often obese (BMI C30,10 % versus 29 %, P \ 0.0001).
ER/PR expression in TDLUs by proximity to breast cancer across subjects Since the staining intensity of ER or PR was highly correlated between TDLU cores (median Spearman correlation coefficient = 0.66, P \ 0.0001), we averaged results across TDLUs within a single tissue block. To assess whether ER or PR expression levels in TDLUs varied by distance from an associated breast cancer, we evaluated TDLUs across subjects grouped by location DT (n = 117), PT (n = 121), and T (n = 120) blocks, respectively. In cases with ER-positive tumors, ER expression level in TDLUs was significantly lower in non-tumor blocks (median = 0.75 in TDLU-DT and TDLU-PT) compared to TDLU-T blocks (median = 0.90) (P = 0.03) (Fig. 1) . Patterns of PR expression in TDLUs of T, PT, and DT blocks were similar. In ER-positive cases, tumor cells demonstrated higher ER/PR expression than TDLU cells, irrespective of the distance of the TDLU from the tumor (P \ 0.0001 for ER and PR, Fig. 1 ). In contrast, in cases with ER-negative tumors, ER/PR expression levels were lower in cancer cells compared with luminal cells in TDLUs at any distance from the tumor. ER and PR expression in TDLUs of T, PT, and DT blocks were similar (Fig. 1) . Given that ER/PR expression levels in TDLUs did not differ significantly by the ER status of the associated cancer, we combined data obtained from cases with ERpositive and ER-negative tumors for TDLUs in subsequent analyses.
Intra-person comparison of ER/PR levels in TDLUs by distance from breast cancer
In contrast to the analysis above in which we combined results by location across subjects, we also compared intraperson ER/PR levels in pairs of TDLUs located at variable distances from the cancers (43 DT and PT pairs, 26 DT and T pairs). ER/PR levels in TDLUs located in different blocks within a single subject showed significant correlations, but only TDLU-T ER expression was significantly correlated with that of invasive cancers ( Table 1) . Levels of both ER and PR were significantly higher in TDLUs in T compared to DT blocks (P = 0.025 for ER and P = 0.009 for PR), whereas expression levels were similar in DT and PT blocks for both markers (P = 0.90 for ER and P = 0.44 for PR). Therefore, we assessed relationships of risk factors and tumor characteristic to levels of ER and PR in TDLUs by combining data for TDLU-DT and TDLU-PT.
Relationships of age and breast cancer risk factors to ER/PR expression in TDLU-PT and TDLU-DT
We assessed exposure relationships with ER and PR levels in DT/PT TDLUs in 198 cases. Among all women, age was not significantly related to ER expression in TDLUs ( Fig. 2; Table 2 ); however, when both age and menopausal status were included in the model, age was associated with lower ER levels overall (odds ratios [OR] = 0.95, 95 % confidence intervals [CI] = 0.91-0.99, P trend = 0.026, comparing higher to lower tertiles), among premenopausal women only (OR = 0.94, 95 % CI = 0.89-1.00, P trend = 0.059), and among postmenopausal women only (OR = 0.96, 95 % CI = 0.90-1.02, P trend = 0.22). However, ER expression in TDLUs was significantly lower in premenopausal than in postmenopausal women (OR = 0.38, 95 %CI = 0.19-0.76, P = 0.0064, Fig. 2 ). Menstrual phase was determined for 88 (55 %) of 159 premenopausal cases. ER expression did not vary significantly by cycle phase, although levels were slightly lower in the luteal than in the follicular phase (OR = 0.48, 95 %CI = 0.18, 1.28, P = 0.14). Recent or current MHT users had significantly lower ER expression in TDLUs (n = 24 exposed; P = 0.0024) and the association remained significant after adjusting for age and study site (OR = 0.14, 95 % CI = 0.046-0.43, P trend = 0.0006; Table 2 ).
PR expression in TDLUs was significantly higher among premenopausal women compared to postmenopausal women; 43 % of premenopausal women demonstrated the highest tertile of PR in TDLUs versus 18 % in postmenopausal women (P \ 0.0001, Table 2 ; Fig. 2 ). Older age was associated with significantly lower PR expression in TDLUs overall (OR = 0.92, 95 % CI = 0.89-0.96, P trend \ 0.0001) and among postmenopausal women (OR = 0.90, 95 % CI = 0.83-0.97, P trend = 0.007) but not among premenopausal women (Fig. 2) . PR expression in TDLUs among premenopausal women did not vary significantly by the phase of the menstrual cycle; premenopausal women in all cycle phases had significantly higher PR expression compared to postmenopausal women (follicular: OR = 3.10, 95 %CI = 1.26, 7.60, P = 0.014; preovulatory: OR = 5.51, 95 %CI = 1.47, 20.70, P = 0.011; luteal: OR = 2.71, 95 %CI = 1.07, 6.85, P = 0.035). PR expression was inversely related to increasing age at menarche (P = 0.019), but this result was not significant after controlling for age and other covariates. Serum estradiol and progesterone levels were available in 83 cases with ER/PR expression in TDLUs from PT or DT. The overall correlation between estradiol level and marker expression was negative for ER (P = 0.029, Kruskal-Wallis test) and positive for PR (P = 0.04) ( Table 2) ; however, relationships were not significant after controlling for age and other covariates. Progesterone levels and other breast cancer risk factors assessed were not significantly related to ER/PR expression levels in TDLUs (data not shown).
Relationships of breast cancer pathological features and ER/PR expression in TDLUs
Tumor size, histology, grade, nodal status, and ER/PR status were not significantly associated with ER expression in TDLUs. Larger tumor size (P = 0.033) was significantly associated with PR expression in TDLUs, which became borderline significant after the adjustment for age, study site, menopausal status, and other tumor characteristics (OR = 1.70, 95 % CI = 0.93-3.10, P trend = 0.084, comparing higher to lower tertiles; Table 3 ). EGFR expression in invasive tumors was directly related to ER and PR expression in TDLUs (P = 0.019 for ER and P = 0.03 for PR). The association between ER expression in TDLUs and EGFR in tumors remained significant after adjusting for age, study site, menopausal status, and cycle phase (OR = 3.50, 95 % CI = 1.40-8.76, P trend = 0.0075, comparing higher to lower tertiles). Results from analyses comparing continuous ER/PR expression in TDLUs to EGFR expression in tumors were similar (Kruskal-Wallis test, P = 0.003 for ER, P = 0.0007 for PR, Fig. 3 ).
Analysis restricted to premenopausal women
We further restricted our analysis to 159 premenopausal women who did not differ significantly from other premenopausal women in the Polish study in risk factors and tumor characteristics. Associations were similar for ER/PR in TDLUs and different blocks (Table 1 ) and tumor EGFR (Table 4) . Associations for ER in TDLUs and estradiol levels, PR in TDLUs and age at menarche and tumor size showed similar trends but were less significant compared to data obtained from analyses of all subjects (Table 4) . ER levels in TDLUs decreased with increasing age, but PR levels were not associated with age among premenopausal women (Fig. 2) .
Discussion
This study demonstrates that ER and PR expression is higher in ER-positive breast cancer cells than in luminal epithelial cells of TDLUs and higher in TDLUs adjacent to these tumors as compared with TDLUs further away. These findings suggest that ER/PR expression in TDLU-T may reflect field effects surrounding breast cancer, as has been shown for other molecular markers [6, 9, 20] . Our observations that TDLU-PT and TDLU-DT showed similar levels of ER and PR levels within a subject, and that these markers demonstrated specific relationships with age and other systemic factors, suggest that these associations may reflect the influences of these exposures on normal breast tissue prior to cancer development. Thus, we hypothesize that analyses of topographically mapped TDLUs may provide information about the sequences of events in breast carcinogenesis. However, further studies are needed to confirm these results and to determine whether various ER/ PR expression levels in normal breast epithelium reflect etiologic differences pre-dating and potentially contributing to breast carcinogenesis or a secondary influence of tumor growth on surrounding benign tissues. We found that ER levels in PT/DT TDLUs were higher among postmenopausal women compared with premenopausal women, likely reflecting up-regulation of receptor expression in response to decreased levels of ligand. Similarly, prior studies showed that ER expression in TDLUs of cancer-free women was higher among older women, most likely reflecting an effect of menopause, rather than age per se [21, 22] . Another study reported that circulating estradiol levels and ER expression in normal epithelium were inversely related among women with benign breast disease; however, among women with breast cancer, this relationship was not found [23] . Although we found that ER levels in TDLUs were higher after menopause when we modeled age and menopause jointly, we found that increasing age was related to lower ER levels in PT/DT TDLUs among both premenopausal and postmenopausal women, whereas TDLU-T showed the opposite association. Our observed age associations may represent a chance finding or that age, menopausal status, and proximity of TDLUs to breast cancer produce complex influences on TDLU ER levels. Further analyses of this question are needed.
In our study, menstrual phases were determined from only a subset of cases, but our results are generally consistent with previous findings that ER expression in TDLUs is lower in the luteal than in the follicular phase, whereas PR levels are similar [24] [25] [26] . In contrast, one prior report found that ER expression differed between women with breast cancer and those with benign disease; specifically, among women with breast cancer, ER expression increased in the latter part of the menstrual cycle [13] .
Our analysis showed that PR expression in PT/DT TDLUs is higher among premenopausal women with breast cancer compared to postmenopausal cases. PR levels continued to decrease with increasing age in postmenopausal women. Similarly, PR expression in random fineneedle breast aspirates is reportedly significantly lower among healthy postmenopausal women as compared with premenopausal women [27] . PR is an estrogen-responsive gene [28] and its reduced expression may reflect the decreased levels of circulating estrogen among postmenopausal women [29] . Accordingly, we also observed an expected positive correlation (or association) between serum estradiol levels and PR expression in PT/DT TDLUs, mostly in postmenopausal women who have lower circulating estradiol levels compared to premenopausal women. We found that early onset of menarche was related to higher PR expression in PT/DT TDLUs, but this association was attenuated after age adjustment. Prior data suggest that early age at menarche is associated with higher circulating estradiol levels among postmenopausal controls [29] .
Elevated circulating levels of estrogens are associated with increased risk of postmenopausal breast cancer and possibly of premenopausal breast cancer, albeit based on weaker evidence [30] . Estradiol may increase breast cancer risk by binding to ER expressed in normal TDLUs, promoting proliferation and expansion of precancerous cells with unrepaired DNA damage. Data from previous studies demonstrated that high ER content in normal breast epithelium is related to increased breast cancer risk [12, 13] . In our study, serum estradiol levels were inversely related to TDLU ER expression, including TDLUs adjacent to tumors. In addition, among recent or current MHT users, we observed that ER levels were lower in PT/DT TDLUs, but not in TDLU-T. Higher PR expression in TDLUs was also associated with larger tumor size, consistent with an estrogenic effect on both normal and cancerous cells.
In contrast to a prior report [31] , ER/PR expression in TDLUs and cancer were not significantly related in this analysis. However, we excluded TDLUs that demonstrated proliferative changes, whereas the prior study included all benign epithelium. In fact, the earlier study found better agreement between ER levels in breast cancer and benign proliferative lesions as compared with non-proliferative lesions [31] . In addition, the prior investigation assessed expression in cancer and benign tissues on the same slide, which is most comparable to our comparisons of TDLU-T to cancer, which demonstrated a similar correlation (r 2 = 0.35, P = 0.003). Thus, the lack of a positive association between ER levels in DT/PT TDLUs and cancer itself might be expected.
We observed that ER/PR levels in TDLUs were significantly directly associated with EGFR expression in the cancers, which is of interest given the cross-talk between hormone receptor and epidermal growth factor receptor (HER) signaling in breast cancer [32] and that ER can induce expression of EGFR ligands including TGFa and amphiregulin [33, 34] . Basal-like breast cancer, in which EGFR is frequently expressed, frequently occurs among younger women [35] who have higher level of circulating estradiol compared to older women. Further studies related to this topic may provide clues about the pathogenesis of basal-like breast cancers.
Strengths of our study include analysis of normalappearing TDLUs at varying distances from tumors, quantitative measurement of ER and PR in TDLUs and in invasive tumors, and a rich collection of epidemiologic data and tumor characteristics. Although our study is relatively small, it is among the largest exploring relationships between breast cancer risk factors, tumor characteristics and marker expression in TDLUs. However, our results may be biased by the restrictive analysis of women with identifiable TDLUs, who differ from the general study population in age, menopausal status, and parity. In addition, the evaluation of a limited number of TDLUs per block or per subject undoubtedly contributed to less accurate evaluation of marker expression than exhaustive analysis of large amounts of tissue; however, this misclassification would likely have been non-differential with respect to tumor type or risk factors and therefore would have biased results toward the null. In addition, our analysis of TDLUs that were included in tissue microarrays showed similar ER/PR expression levels in different TDLUs within a single tissue block and between TDLU-PT and TDLU-DT blocks. Another limitation of our study is that we cannot distinguish whether ER/PR expression levels in normal TDLUs influence breast cancer risk or reflect the influence of tumor on the surrounding benign breast because our analyses used surgical specimens removed from women with breast cancer. However, the similarity of the expression levels in samples proximal and distal from the tumor may weaken this argument because other field effects are more pronounced in close proximity to cancer [7] . In summary, our findings suggest that analysis of marker expression in TDLUs may provide additional information about etiologic heterogeneity, early events in breast carcinogenesis, and field effects surrounding breast cancer. Future evaluations using optimized methods to assess markers related to fundamental processes in carcinogenesis such as proliferation, cell cycling, and apoptosis in combination with ER/PR status may extend these findings. If fruitful, such research might contribute to identifying intermediate endpoints for breast cancer that would be useful in prevention studies and could have implications for assessing risk of local recurrences.
